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ON THE CHA,RRCTERIS!j?ICS OP A TWIN-1NGINE BOMBER NODEL 
By C a r l  J. Wenzinger and James C .  S i v e l l s  
SUMMARY 
T e s t s  were made i n  t h e  NACA 19-foot  p r e s q u r e  t u n n e l  
of a  s i m p l i f i e d  twfn-engine bomber model w i t h  an  NACA low- 
d r a g  wing p r i m a r i l y  t o  o b t a i n  an i n d i c a t i o n  of t h e  e f f e c t s  
of e n g i n e  n a c e l l e s  on t h e  c h a r a c t e r i s t i c s  of t h e  model 
b o t h  w i t h  and wi thou t  s imple  s p l i t  t r a i l i n g - e d g e  f l a p s .  
N a c e l l e s  w i t h  conven t iona l - type  cowl ings  r e p r e s e n t a t i v e  of 
t h o s e  u s e d  on an  e x i s t i n g  high-pc.tPormance a i r p l a n e  and 
w i t h  NACA high-speed t y p e  E cowl ings  were t a s t e d .  The 
t e s t s  were made wi thou t  p r o p e l l e r  s l i p s t r e a m ,  
The aerodynamic e f f e c t s  of adding t h e  n a c e l l e s  t o  t h e  
low-drag wing were s i m i l a r  t o  t h e  e f f e c t s  commonly 0b- 
t a i n e d  by qddi  ng s i m i l a r  n a c e l l e s  t o  c o n v e n t i o n a l  wings. 
The maximum l i f t  c o e f f i c i e n t  wi thou t  f l a p s  was s l i g h t l y  
i n c r e a s e d ,  b u t  t h e  increment  i n  maximum l i f t  due t o  de- 
f l e c t i n g  t h e  f l a p s  was somewhat dec reased .  The s t a l l i n g  
c h a r a c t e r i s t i c s  were improved by t h e  p r e s e n c e  of t h e  na- 
c e l l e s .  Addi t ion  of t h e  n a c e l l e s  had a d e s t a b i l i z i n g  ef -  
f e c t  on t h e  p i t c h i n g  moments, a s  i s  u s u a l  f o r  n a c e l l e s  
t h a t  p r o j e c t  forward  of t h e  wing. The d r a g  inc rements  due 
t o  t h e  n a c e l l e s  were of t h e  u s u a l  o r d e r  of magnitude,  w i t h  
t h e  increment  due t o  t h e  n a c e l l e s  w i t h  NACA type  E cowl- 
- i n g s  approx imate ly  one-thi  r d - l e s s  t h a n  t h a t  o f  t h e  n a c e l l e s  
w i t h  c o n v e n t i o n a l  cowl ings  w i t h  b u i l t - i n  a i r  scoops.  
INTROD'UGTION 
. C o n s i d e r a b l e  a p p l i c a t i o n  of t h e  NACA low-drag a i r f o i l  
s e c t i o n s  i s  b e i n g  made t o  t h e  d e s i g n  o f  m i l i t a r y  a i r p l a n e s  
t o  improve t h e i r  performance.  A l a r g e  amount of r e s e a r c h  
h a s  a l r e a d y  been c a r r i e d  ou t  on n u m e ~ o u s  f a m i l t e s  of a i r -  fi 
f o i l -  s e c t i o n s  and on i n d i v i d u a l  models i n  t h e  NACA two- 
d imens iona l  low- tu rbu lence  t u n n e l s ;  t h i s  r e s e a r c h  p r o v i d e s  
d a t a  on a i r f o i l  s e c t i o n  c r h a r a c t e r i s t i c s  ove r .  a wide r a n g e  e 
of Reynolds number. 
Complete a i r p l a n e  and wing models a r e  c u r r e n t l y  b e i n g  
i n v e s t i g a t e d  i n  t h e  NACA 19-foot  p r e s s u r e  t u n n e l  t o  o b t a i n  
aerodynamic d a t a  a p p l i c a b l e  t o  t h e  a i r p l a n e s  making u s e  of 
t h e  low-drag wing s e c t i o n s ,  Models of  p r a c t i c a l l y  a l l  new 
m i l i t a r y  a i r p l a n e s  a r e  b e i n g  t e s t e d ,  p r i n c i p a l l y  t o  d e t e r -  
mine t h e  e f f e c t s  of f u s e l a g e  and n a c e l l e  i n t e r f e r e n c e ,  
p r o p e l l e r  s l i p s t r e a m ,  gun i n s t a l l a t i o n s ,  wing p l a n  form 
and s e c t i o n ,  and s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  i n -  
c l u d i n g  maximum l i f t  and s t a l l i n g .  
D a t a  of  g e n e r a l  i n t e r e s t  have a l r e a d y  been r e l e a s e d  
c o v e r i n g  wind- tunnel  t e s t s  of some f a c t o r s  a f f e c t i n g  t h e  
performance. of  a h igh-speed p u r s u i t  a i r p l a n e  wi th  a low- 
d ~ a g  wing, ( s e e  r e c e r e n c e  1. ) Other  ' t e s t s  c o v e r i n g  t h e  
e f f e c t s  of  v a r i o u s  t y p e s  of  f l a p  on r e c t a n g u l a r  and t a -  
p e r e d  wings w i t h  low-drag a i r f o i X  s e c t i o n s  a r e  r e p o r t e d  
i n  r e f e r e n c e s  2 and 3, High-speed wind- tunnel  t e s t s  of 
s e v e r a l  t y p e s  of r a d i a l - e n g i n e  n a c e l l e  on a low-'drag wing 
s e c t i o n  20.7 p e r c e n t  t h i c k  a t  t h e  n a c e l l e s  a r e  r e p o r t e d  
i n  r e f e r e n c e  4. When t h e  19- foo t  p r e s s u r e  t u n n e l  i s  n o t  
engaged i n  t e s t s  of s p e c i f i c  models ,  i t  i s  i n t e n d e d  t o * '  ' 
c o n t i n u e  t h e  r e s e a r c h  i n v e s t i g a t i o n s  of  o t h e r  models w i t h  
low-drag wings t o  p r o v i d e  i n f o r m a t i o n  o f  g e n e r a l  i n t e r e s t ,  
p a r t i c u l a r l y  o n  h i g h - l i f t  and l a t e r a l - c o n t  r o l  d e v i c e s  and 
on aerodynamic i n t e r f e r e n c e s ,  
The t e s t s  d e s c r i b e d  i n  t h e  p r e s e n t  r e p o r t  were made 
t o  o b t a i n  some p r e l i m i n a r y  d a t a  r e l a t i v e  t o  t h e  e f f e c t s  
O f  e n g i n e  n a c e l l e s  on t h e  aerodyndmic c b a r a c t e r i s t f c s  of 
a twin-engine  bomber model. A s i m p l i f s e d  model c o n s i s t -  
i n g  of a t a p e r e d  wing w i t h  low-drag a i r f o t l  s e c t i o n s  and 
a f u s e l a g e  w a s  u s e d ,  Two t y p e s  of engine n a c e l l e  were i n -  
v e s t i . g a t e d :  one w i t h  a c o n v e n t i o n a l  open-nose cowl ing  
r e p r e s e n t a t i v e  of t h e  t y p e  u s e d  on an e x i s t i n g  h igh-  
pe r fo rmance  a i r p l a n e  and t h e  o t h e r  w i t h  e s s e n t i a l l y  t h e  
same a f t e r b o d y  b u t  w i t h  a n  NACR high-speed cowl ing  E. 
( s e e  r e f e r e n c e  4 . )  P a r t i a l - s p a n  and f u l l - s p a n  s i m p l e  
s p l i t  f l a p s  were i n c l u d e d  i n  t h e  t e s t s  t o  check t h e i r  e f -  
f e c t s  w i t h  and w i t h o u t  n a c e l f e s  i n  -p lace  on t h e  wing. 
The ' t e s t s  were made in t h e  NXCR 19-foot  p ress 'u re  tun-  
n e l  w i t h  t h e  a i r  compressed t o  35 pounds p e r  s q u a r e  i n c h  
i n  o r d e r  t o  i n c r e a s e  t h e  o b t a i n a b d e  Reynolds  number, p a r -  
t i c u l a r l y  f o r  a p p l i c a t i o n  t o  L-hrez l a n d i n g  c o n d i t i o n .  
' . 
MODEL AND APPARATUS 
The s i m p l i f i e d  model was b u i l t  t o  r e p r e s e n t  a  1 / 6 -  
s c a l e  p roposed  twin-engine  bomber and c o n s i s t e d  of wing ,  
f u s e l a g e ,  and two t y p e s  of n a c e l l e .  The wing had NACB 
low-drag a i r f o i l  s e c t i o n s  w i t h  p l a n  form a s  shown i n  f i g -  
u r e  1, The s e c t i o n s  v a r i e d  from t h e  NACA 64,2-418, 
a = 0 .4 ,  a t  t h e  r o o t  t o  t h e  NACA 66,2X-415, a  = 0 .6 ,  a t  
t h e  t i p .  The wing was 1 7 . 5  p e r c e n t  t h i c k  a t  t h e  c e n t e r  
l i n e  o f  t h e  n a c e l l e s .  Aerodynamic washou t ,  1.35O, from 
r o o t  t o  t i p  was g i v e n  t o  t h e  wing t o  improve s t a l l i n g  
c h a r a c t e r i s t i c s .  The f u s e l a g e  was p a t t e r n e d  a f t e r  t h a t  
of an e x i s t i n g  h igh-per formance  a i r p l a n e .  
The f i r s t  n a c e l l e s  t e s t e d  had c o n v e n t i o n a l - t y p e  open- 
nose  c o w l i n g s ,  a l s o  p a t t e r n e d  a f t e r  t h o s e  of an e x i s t i n g  
h igh-per formance  a i r p l a n e ,  Each of t h e s e  cowl ings  had  
two s m a l l  s c o o p s ' * ( t e . s t e d  w i t h o u t  stir f l o w )  c;n t o p  of t h e  
cowl ing  f o r  t h e  c a r b u r e t o r  and a l a r g e r  scoop a t  t h e  hot- 
tom f o r  t h e  o i l  c o o l e r .  The o t h e r  n a c e l l e s  t e s t e d  had  
t h e  same a f t e r b o d y  ( w i t h o u t  t h e  o i l - c o q l e r  d u c t )  b u t  had 
NACA t y p e  E cowl ings  ( r e f e r e n c e  4 ) -  The r o t a t a b l e  n o s e  
of  t h e  cowl ing  was s o  f i x e d  t h a t  i t  c o u l d  n o t  r o t a t e  and 
t h e  b lower  b l a d e s  were p l a c e d  i n  l i n e  w i t h  t h e  a i r  f low 
t h r o u g h  t h e  cowl ings .  The a i r  f low t h r o u g h  b o t h  t y p e s  of 
n a c e l l e  was a d j u s t e d  t o  approx ima te  a s  c l o s e l y  a s  p o s s i b l e  
t h e  c o o l i n g - a i r  r e q u i r e m e n t s  of t h e  P. 81: N, 2800-se r i e s  
e n g i n e s  used  i n  t h e  e x i s t i n g  high-performance a i r p l a n e  
from which t h e  f u s e l a g e  and t h e  c o n v e n t i o n a l - t y p e  n a c e l l e s  
were p a t t e r n e d ,  P e r f o r a t e d  b a f f l e  p l a t e s  were u s e d  t o  
s i m u l a t e  t h e  e n g i n e  r e s i s t a n c e  and t o  g i v e  t h e  d e s i r e d  
p r e s s u r e  d rop ,  Both  t y p e s  of n a c e l l e  a r e  shown i n  f i g u r e  
2. No d e t a i l s  of t h e  f u l l - s c a l 6  a i r p l a n e  o t h e r  t h a n  t h o s e  
d e s c r i b e d  were  i n c l u d e d  on t h e  model f o r  t h e  p r e s e n t  t e s t s .  
The wing ,  t h e  f u s e l a g e ,  and t h e  n a c e l l e s  were a l l  
c o n s t r u c t e d  of l a m i n a t e d  mahogany t o  t h e  d imens ions  shown 
i n  f i g u r e s  1 and 2. Alp " s u r f a c e s  of theemode1 were g i v e n  
a  f i n i s h  o l a s s i f i e d  a s  ae rodynamiCa l ly  smooth by s p r a y i n g  
w i t h  s e v e r a l  c o a t s  of  1 a c q u d i . a n d  r u b b i n g  w i t h  No. 400 
carborundum paper-. !?he n a c e l l e s  were made removable i n  
o r d e r  t h a t  t e s t s  coulC b e  made w i t h  and w i t h o u t  them, 
Simple s p l i t  f l a p s ,  b o t h  p a r t i a l - s p a n  and f u l l - s p a n ,  
were made of 1 /16- inch s t e e l  s h e e t  and were a t t a c h e d  t o  
t h e  model by wood b locks  and screws f o r  t h e  d e f l e c t i o n  de- 
s i r e d ,  When t h e  n a c e l l e s  were n o t  i n  p l a c e ,  t h e  p a r t i a l -  
span f l a p s  extended comple te ly  a c r o s s  t h e  p o r t i o n  of t h e  
span t h a t  would b e  occupied by t h e  n a c e l l e s .  When t h e  
n a c e l l e s  were i n  p l a c e ,  t h e  p a r t i a l - s p a n  f l a p s  were c u t  
t o  a l l o w  f o r  t h e  n a c e l l e s  and t h e  c u t  edges  were b e n t  t o  
r e p r e s e n t  t h e  f i l l e t s  between t h e  n a c e l l e s  and t h e  wing. 
These c u t - o u t s  i n  t h e  f l a p s  f o r  t h e  n a c e l l e s  p e r m i t t e d  a  
c e r t a i n  amount of a i r  l e a k a g e  between n a c e l l e  and f l a p ,  
I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  of t h i s  a i r  l e a k a g e ,  
p a r t i a l - s p a n  f l a p s  were a l s o  made w i t h  s e c t i o n s  c u t  t o  
f i t  c l o s e l y  around t h e  n a c e l l e s  w i t h  NACA t y p e  E cowl ings  
and any gap l e f t  was s e a l e d  t o  p r e v e n t  a i r  l eakage .  
Pho tographs  of t h e  model w i t h o u t  n a c e l l e s ,  w i t h  b o t h  t y p e s  
of n a c e l l e ,  w i t h o u t  f l a p s ,  and w i t h  b o t h  t y p e s  of f l a p  a r e  
r ep roduced  a s  f i g u r e s  3 t o  7 ,  
The model mounted on t h e  s t a n d a r d  s u p p o r t s  f o r  t e s t s  
i n  t h e  19-foot  p r e s s u r e  t u n n e l  i s  shown i n  f l g u r e  3. The 
a n g l e  of a t t a c k  covered  a  r a n g e  from below s s r o  l i f t  t o  
beyond maximum l i f t  f o r  most of t h e  t e s t s .  The a n g l e  of 
a t t a c k  was measured w i t h  r e s p e c t  t o  t h e  t h r u s t  l i n e  of 
t h e  n a c e l l e s .  The r o o t  c h o r d  of t h e  wing w a s  s e t  a t  an  
a n g l e  of i n c i d e n c e  of lo w i t h  r e s p e c t  t o  t h e  t h r u s t  l i n e ,  
Because of s t r e n g t h  l i m i t a t i o n s  of t h e  model f o r  t h e  
maximum-lift c o n d i t i o n ,  t h e  h i g h e s t  dynamic p r e s s u r e  f o r  
t h e  t e s t s  f o r  maximum l i f t  was about  70  pounds p e r  s q u a r e  
f o o t ,  which gave a  t e s t  Reynolds number of approx imate ly  
3 ,700,000,  T e s t s  were made f o r  l i f t  c o e f f i c i e n t s  up t o  
1.1 a t  a  dynamic p r e s s u r e  of  150 pounds p e r  s q u a r e  f o o t ,  
g i v i n g  a  t e s t  Reynolds number of approx imate ly  5 ,400,000,  
Force  t e s t s  were made f o r  t h e  f o l l o w i n g  a r rangements  
Of t h e  model: 
Puse lage  + wing ( f i g -  3) 
Buselage  + wing + two n a c e l l e s  w i t h  c o n v e n t i o n a l  
cowl ings  ( f i g .  4) 
Fuse lage  + wing + p a r t i a l - s p a n  fLaps 
Buselage  + wing + p a r t i a l - s p a n  f l a p s  + two n a c e l l e s  
. w i t h  c o n v e n t i o n a l  cowl ings  ( f i g ,  5 )  
Fuse lage  + wing + f u l l - s p a n  f l a p  + two n a c e l l e s  w i t h  
convent  i o n a l  cowlings.  
Fuse lage  + wing + two n a c e l l e s  w i t h  NACA t y p e  E 
cowl ings  ( f i g .  6 )  
Fuse lage  + wing + p a r t i a l - s p a n  f l a p s  c u t  a t  n a c e l l e s  
+ two n a c e l l e s  w i t h  NACA type  E cowl ings  
Fuse lage  + wing + p a r t i a l - s p a n  f l a p s  s e a l e d  around 
n a c e l l e s  i- two n a c e l l e s  w i t h  NACA t y p e  E cowl ings  
( f i g .  7 )  
Measurements were nade of l i f t ,  d r a g ,  and p i t c h i n g  
moment. The s t a l l i n g  c h a r a c t e r i s t i c s  were o b t a i n e d  by 
o b s e r v i n g  t h e  a c t i o n  of- wool t u f t s  a t t a c h e d  t o  t h e  up-per 
s u r f a c e  of t h e  wing f o r  t h e  v a r i o u s  model c o n f i g u r a t i o n s .  
RESULTS AND DISCUSSION 
C o e f f i c i e n t s  and Symbols 
The r e s u l t s  a r e  p r e s e n t e d  a s  a b s o l u t e  c o e f f i c i e n t s ,  
c o r r e c t e d  f o r  t h e  t a r e s  and i n t e r f e r e n c e  due t o  t h e  model 
s u p p o r t s  and f o r  t u n n e l - w a l l  e f f e c t s .  The c o e f f i c i e n t s  
and s y a b o l s  a r e  d e f i n e d  a s  f o l l o w s :  
CL l i f t  c o e f f i c i e n t  ( L / ~ s )  
CD d r a g  c o e f f i c i e n t  ( D / ~ s )  
A C D  increment  of n a c e l l e - d r a g  c o e f f i c i e n t  of two n a c e l l e s  
r 
based on wing a r e a  ( C D  w i t h  n a c e l l e s )  
1 - (CD wi thou t  n a c e l l e s )  , 
J 
C D p  
e f f e c t i v e  n a c e l l e - d r a g  c o e f f i c i e n t  of n a c e l l e s  b a s e d  
on f r o n t a l  a r e a  of two n a c e l l e s  (LiD/qF) 
C m  pitching-moment c o e f f i c i e n t  about c e n t e r  of 
g r a v i t y  ( M / ~ s c )  
where 
L l i f t  
D d r a g  
A D  increment  of n a c e l l e  d r a g  of two n a c e l l e s  
r 
[ ( D  w i t h  n a c e l l e s )  - (D withou t  n a c e l l e s )  I 
-_M - -  - p i t c h i n g  moment about  c e n t e r  of g r a v i t y  . - 
9 dynamic p r e s s u r e  i n  u n d i s t u r b e d  a i r  s t r eam ($ pv2) 
S wing a r e a  (23.58 s q  f t )  
F f r o n t a l  a r e a  of two n a c e l l e s  (1.111 s q  f t  f o r  
n a c e l l e s  w i t h  conven t iona l - type  cowlings;  
1.093. s q  f t  f o r  n a c e l l e s  w i t h  RAGA t y p e  
cowl ings  ) 
c mean wing chord  ( ~ / b  = 1.626 f t )  
b  wing span (14.5 f t )  
P mass d e n s i t y  of a i r ,  s l u g s  p e r  c u b i c  f o o t  
V v e l o c i t y  of u n d i s t u r b e d  a i r  s t ream 
a a n g l e  of a t t a c k  of t h r u s t  l i n e  c o r r e c t e d  f o r  t u n n e l -  
w a l l  e f f e c t  
b f  f l a p  d e f l e c t i o n  measured between lower  s u r f a c e  of 
wing and f l a p  
R t e s t  Reynolds number based  on mean wing chord  
. 
C1 c o e f f i c i e n t  of v i s c o s i t y  
L i f t  and S t a l l i n g  C h a r a c t e r i s t i c s  
.. The v a r i a t i o n  of l i f t  c o e f f i c i e n t  w i t h  a n g l e  of 
a t t a c k  i s  shown i n  f i g u r e s  8 and 9. I t  i s  of i n t e r e s t  t o  
n o t e  t h a t ,  f o r  t h e  model wi thou t  f l a p s ,  t h e  l i f t  was de- 
c r e a s e d  by t h e  a d d i t i o n  of t h e  n a c e l l e s  f o r  t h e  lower  
range  of a n g l e  of a t t a c k  b u t ,  beyond an  a n g l e  of a t t a c k  
of abou t  14O f o r  t h e  n a c e l l e s  w i t h  c o n v e n t i o n a l  cowl ings  
(9' f o r  t h e  n q c e l l e s  wi th  t h e  BACA t y p e  E c o w l i n g s ) ,  t h e  
l i f t  was i n c r e a s e d  and a  h i g h e r  maximum v a l u e  was o b t a i n e d .  
T h i s  i n c r e a s e  i n  maximum l i f t  w i t h  t h e  n a c e l l e s  i n  t h e  L O W  
p o s i t i o n  h a s  been o b t a i n e d  w i t h  s i m i l a r  a r rangements  on 
9 
* t c o n v e n t i o n a l  wing s e c t i o n s ,  The e f f e c t  may be a t t r i b u t e d  
i n  p a r t  t o  t h e  i n t e r r u p t i o n  by t h e  n a c e l l e s  o f a t h e  c r o s s  
a f low on t h e  upper  s u r f a c e  of t h e  wing n e a r  t h e  t r a i l i n g '  
edge and i n  p a r t  t o  an e f f e c t i v e  i n c r e a s e  i n  wing a r e a ,  
The l i f t  f o r  t h e  model w i t h  t h e  n a c e l l e s  and NBCA t y p e  E 
cowlings  was g r e a t e r  throughout  most of t h e  range  of a n g l e  
of a t t a c k  and had a  h i g h e r  maximum t h a n  t h a t  f o r  t h e  na- 
c e l l e s  w i t h  c o n v e n t i o n a l  cowl ings ,  'I'his e f f e c t  i s  prob- 
a b l y  due t d  t h e  b e t t e r  nose  shape  and t o  t h e  a d d i t i o n  of 
t h e  cowl ing e x i t  s l o t  on t o p  of  t h e  n a c e l l e ,  which h e l p e d  
t o  m a i n t a i n  t h e  a f  r flow over  t h e  n a c e l l e ,  Th i s  improve- 
ment i n  a i r  f low can  be s e e n  f rom a  s t u d y  of t h e  s t a l l  
d iagrams ( f i g s .  1 0  t o  1 5 ) .  
The increment  i n  maximum l i f t  c o e f f i c i e n t  due t o  
a d d i n g  p a r t i a l - s p a n  f l a p s  ( c u t  at t h e  n a c e l l e s )  d e f l e c t e d  
55' was 0-59 f o r  t h e  model wi thou t  n a c e l l e s ,  0.45 f o r  t h e  
model w i t h  n a c e l l e s  w i t h  c o n v e n t i o n a l  c o w l i n g s ,  and 0.48 
f o r  t h e  model w i t h  n a c e l l e s  w i t h  NACA t y p e  E cowlings ,  
When t h e  gaps  were c l o s e d  between t h e  f l ap ' s  and t h e  na-  
c e l l e s  w i t h  NACA t y p e  E c o w l i n g s ,  t h e  increment  i n  maximum 
l i f t  c o e f f i c i e n t  due t o  t h e  f l a p s  became O,$l, These v a l -  
u e s  show t h a t  t h e  e f f e c t i v e n e s s  of t h e  f l a p s  were reduced 
by t h e  p r e s e n c e  of t h e  n a c e l l e s  a s  would be  expected .  The 
v a l u e s  of maximum l i f t  c o e f f i c i e n t s  o b t a i n e d  a r e  g i v e n  i n  
t h e  f o l l o w i n g  t a b l e :  
Type of cowl ing Type of f l a p  C Lmax 
No n a c e l l e  KO f l a p  1.38 
, ,>cr 
Convent ional  ---do.------- 1.42 
Ro n a c e l l e  P a r t i a l - s p a n  1.9$ #%r$ 
Convent ional  P a r t i  a l -span 
. c u t  a t  n a c e l l e  1.87 . '  
Convent ional  
P a r t  i al-span 
c u t  a t  n a c e l l e  
P a r t i  a l -span 
f i t t e d  t o  
n a c e l l e  
Pu l l - span  c u t .  
a t  nace1l.e 
'P 
It i s  seen  t h a t ,  f o r  t h e .  n a c e l l e s  w i t h  t h e  MACA t y p e  
B c o w l i n g s ,  t h e  added l i f t  due t o  t h e  i n c r e a s e  i n  p r o j e c t e d  
a r e a  ba lanced  t h e  d e c r e a s e  i n  e f f e c t i v e = n e s s .  of t h e  f l a p s *  P 
As a r e s u l t ,  t h e  maximum l i f t  c o e f f i c i e n t  was approx imate ly  
t h e  same a s  f o r  t h e  model w i t h o u t  n a c e l l e s  b u t  w i t h  con- 
t i n u o u s  f l a p s .  No t e s t s  were made w i t h o u t  n a c e l l e s  and 
w i t h  f u l l - s p a n  f l a p s ,  d i t h  n a c e l l e s  w i t h  c o n v e n t i o n a l  
cowl ings ,  however,  a maximum l a f t  c o e . f f i c i e n t  of about  
2.11 was o b t a i n e d  w i t h  f u l l - s p a n  f l a p s ,  g i v i n g  an i n c r e -  
ment of 0.69 from t h e  f l a p - n e u t r a l  c o n d i t i o n .  
The s t a l l i n g  c h a r a c t e r i s t f c s  of t h e  mode.1 w i t h  low- 
d r a g  wing w i t h  and w i t h o u t  f l a p s  and w i t h  and w i t h o u t  
b o t h  t y p e s  of  n a c e l l e  a r e  shown on t h e  s t a l l  d iagrams 
( f i g s ,  1 0  t o  15). S e v e r a l  i n t e r e s t i n g  o b s e r v a t i o n s  may 
be  made on t h e  manner i n  which t h e  wing s t a l l s  f o r  t h e  
v a r i o u s  ar rangements .  The d e f l e c t i o n  of t h e  f l a p s  made 
l i t t l e  d i f f e r e n c e  i n  t h e  manner i n  which t h e  wing s t a l l e d  
b u t  d i d  change t h e  a ~ g l e  a t  which t h e  s t a l l  o c c u r r e d ,  
C l o s i n g  t h e  gap between t h e  f l a p s  and t h e  n a c e l l e s  made 
p r a c t i c a l l y  no d i f f e r e n c e  i n  t h e  s t a l l .  The absence  o r  
p r e s e n c e  of t h e  n a c e l l e s  and t h e  t y p e  of cowling made an  
a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  s t a l l i n g  c h a r a c t e r i s t i c s .  
Without t h e  n a c e l l e s  i n  p l a c e ,  t h e  s t a l l  s t a r t e d  a t  
t h e  t r a i l i n g  edge of t h e  wing about  halfw$y between t h e  
f u s e l a g e  and t h e  t i p  of t h e  wing and p r o g r e s s e d  fo rward  
more toward t h e  f u s e l a g e  t h a n  toward t L e  t i p ,  The t i p  
was t h e  l a s t  p l a c e  t o  s t a l l .  
With t h e  n a c e l l e s  w i t h  c o n v e n t i o n a l - c o w l i n g s  i n  
p l a c e ,  t h e  s t a l l  s t a r t e d  a t  a low a n g l e  of a t t a c k  (abou t  
5') a t  t h e  t r a i l i n g  edge between t h e  n a c e l l e s  and t h e  
f u s e l a g e ,  A t  a  s l i g h t l y  h i g h e r  a n g l e  o f  a t t a c k ,  s t a l l i n g  
s t a r t e d  ou tboard  of t h e  n a c e l l e s  a t  t h e  t r a i l i n g  edge. 
The s t a l l  p r o g r e s s e d  forward  and s p r e a d  o u t ,  l e a v i n g  t h e  
p o r t i o n s  of t h e  wing on t h e  c e n t e r  l i n e s  of t h e  n a c e l l e s  
u n s t a l l e d  u n t i l  a  r e l a t i v e l y  h i g h  a n g l e  of a t t a c k  was 
reached.  The c r o s s  f low of a i r  nea r  t h e  t r a i l i n g -  edge of 
t h e  wing was i n t e r r u p t e d  by t h e  n a c e l l e s ,  an  e f f e c t  t h a t  
may b e  a  c o n t r i b u t i n g  f a c t o r  toward t h e  h i g h e r  maximum 
l i f t  o b t a i n e d  w i t h  n a c e l l e s  t h a n  w i t h o u t  them, 
With t h e  n a c e l l e s  w i t h  NACA type  E cowlings  i n  p l a c e ,  
t h e  s t a l l  s t a r t e d  a t  a h i g h e r  a n g l e  t h a n  f o r  n a c e l l e s  w i t h  
o o n v e n t i o n a l  c o w l i n g s ,  a l t h o u g h  t h e  a i r  f low was rough 
n e a r  t h e  t r a i l i n g  edge a t  and i n b o a r d  of t h e  c e n t e r  l i n e s  
of t h e  n a c e l l e s .  T h i s  rough a i r  flow was p robab ly  due t o  
t h e  a d d i t i o n  of t h e  e x i t  s l o t s  a t  t h e  t o p  of t h e  n a c e l l e s ,  
The s t a l l  s t a r t e d  j u s t  ou tboard  of t h e  n a c e l l e s  and s p r e a d  
fo rward  b o t h . i n w a r d l y  and outwardly.  The p o r t i o n  of t h e  
wing between t h e  f u s e l a g e  a n d . t h e  n a c e l l e s  was ex t remely  
l a t e  i n  s t a l l i n g ,  I n  a l l  c a s e s  t h e  t i p s  of t h e  wing were 
l a t e  i n  s t a l l i n g ,  t h u s  showing t h e  e f f e c t  of t h e  aerody-  
namic washout.  The h i g h e r  l i f t  and smoother s t a l l i n g  0b- 
t a i n e d  w i t h  t h e s e  n a c e l l e s  was p robab ly  due t o  t h e  b e t t e r  
shape of t h e  cowl ing and t o  t h e  a d d i t i o n a l  e x i t  s l o t s .  
Allowing some of t h e  c o o l i n g  . a i r  t o  f low over  t h e  t o p  of 
t h e  wing seemed t o  h e l p  c o n t r o l  t h e  a i r  f low over  t h e  wing 
and t o  d e l a y  somewhat t h e  s t a l l  a t  t h i s  p a r t  of t h e  wing. 
Pitching-Noment C h a r a c t e r i s t i c s  
From t h e  p i t ch ing-moment -coef f i c i en t  c u r v e s  ( f i g s .  16  
and 1 7 )  i t  i s  e v i d e n t  t h a t  t h e  e f f e c t  of t h e  a d d i t i o n  of 
n a c e l l e s  b o t h  w i t h  f l a p s  n e u t r a l  and w i t h  f l a p s  d e f l e c t e d  
was t o  d e c r e a s e  t h e  s l o p e  of t h e  c u r v e s  so  t h a t  t h e  model 
was l e s s  s t a b l e  t h a n  i t  was w i t h o u t  t h e  n a c e l l e s .  T h i s  
d e c r e a s e  i n  s t a b i l i t y  i s  c h a r a c t e r i s t i c  of f ~ r w a r d -  
p r o j e c t i n g  n a c e l l e s  and i s  a l s o  o b t a i n e d  wi-bh s i m i l a r  
a r rangements  on c o n v e n t i o n a l  wing s e c t i o n s .  The t y p e  of 
cowl ing used made l i t t l e  d i f f e r e n c e  i n  t h e  s l o p e  of t h e  
pitching-moment curves .  I n  t h e  c a s e  of, t h e  model w i t h  
p a r t i a l - s p a n  f l a p s  d e f l e c t e d ,  t h e  e f f e c t  on t h e  p i t c h i n g -  
moment cu rves  due t o  s e a l i n g  t h e  gaps  between t h e  f l a p s  
and t h e  n a c e l l e s  was p r a c t i c a l l y  n e g l i g i b l e .  
Drag C h a r a c t e r i s t i c s  
The d r a g - c o e f f i c i e n t  c u r v e s  ( f i g s .  1 6  and 1 7 )  f o r  t h e  
c o n d i t i o n  w i t h  t h e  p a r t i a l - s p a n  f l a p s  d e f l e c t e d  show t h e  
e f f e c t  of c u t t i n g  away p a r t  of t h e  f l a p s  t o  a l low f o r  t h e  
n a c e l l e s .  The d r a g  was l e s s  w i t h  t h e  n a c e l l e s  i n  p l a c e  
and w i t h  l e a k a g e  between t h e  n a c e l l e s  and t h e  f l a p s  t h a n  
w i t h  t h e  n a c e l l e s  removed and t h e  f l a p s  con t inuous .  a y  
f i t t i n g  t h e  f l a p s  around t h e  n a c e l l e s  and t h u s  s t o p p i n g  
t h e  l e a k a g e ,  t h e  d r a g  was i n c r e a s e d  somewhat b u t  was s t i l l  
l e s s  t h a n  t h a t  w i t h  t h e  n a c e l l e s  removed and t h e  f l a p s  
con t inuous .  The d r a g  of t h e  model w i t h  n a c e l l e s  and wi th  
t h e  same t y p e  of f l a p  was p r a c t i c a l l y  i d e n t i c a l  f o r  b o t h  
t y p e s  of n a c e l l e .  
For  t h e  c o n d i t i o n  w i t h  f l a p s  n e u t r a l ,  t h e  d r a g  coef -  
f i c i e ' n t s  have been p l o t t e d  a g a i n s t  l i f t  c o e f f i c i e n t  up t o  
1.1 ( f i g .  1 8 )  f o r  t h e  c o n d i t i o n s  of  t h e  model withon%" 
n a c e l l e s  and w i t h  each t y p e  of n a c e l l e  a t  t h e  two t e s t  
Reynolds numbers of 3 ,700,000 and 5,400,000.  F r o m . t h e s e  
c u r v e s ,  t h e  increment  i n  d r a g  due t o  t h e  a d d i t i o n  of t h e  
n a c e l l e s  w i t h  a i r  f low t h r o u g h  them h a s  been o b t a i n e d  and 
p l o t t e d  a s  inc rement  of n a c e l l e - d r a g  c o e f f i c i e n t  i n  f i g -  
u r e  19.  
A t  a  Reynolds number of approx imate ly  3,700,000 and 
f o r  a  l i f t  c o e f f i c i e n t  of 0.2, t h e  assumed high-speed 
c o n d i t i o n  of t h e  a i r p l a n e ,  t h e  d r a g  i n c r e m e n t ,  b a s e d  on 
wing a r e a ,  of t h e  n a c e l l e s  w i t h  t h e  conven t iona l - type  
cowl ings  was 0.0047; whereas t h e  d r a g  increment  f o r  t h e  
n a c e l l e s  w i t h  t h e  NACA t y p e  E cowl ings  was 0.0032, B e -  
c a u s e  n a c e l l e - d r a g  c o e f f i c i e n t s  based  upon t h e  f r o n t a l  
a r e a  of t h e  n a c e l l e s  b e t t e r  i n d i c a t e  t h e  r e l a t i v e  m e r l t s  
O f  . v a r i o u s  n a c e l l e  d e s i g n s ,  t h e  increment  i n  d r a g  due 5 0  
t h e  n a c e l l e s  w a s  c o n v e r t e d  t o  t h i s  b a s i s  an3 5 s  shown i n  
f i g u r e  1 9  a s  
C ~ P  ; t h i s  e f f e c t i v e  d r a g  c o e f f i c i e u t  i n -  
c l u d e s  i n t e r f e r e n c e  e f f e c t s  and t h e  i n t e r n a l  drng 6ue t o  
t h e  f low of a i r  th rough  t h e  n a c e l l e s .  The v a l u t s  of t h e  
i n t e r n a l  d r a g  c o e f f i c i e n t ,  measured i n  t h e  e a s e  o f  t h e  
NACB t y p e  E cowlings  and e s t i m a t e d  i n  t h e  c a s e  o i  t h e  con- 
v e n t i o n a l  cowl ings ,  were of t h e  o r d e r  of 0,805 t o  0.011 
b a s e d  on f r o n t a l  a r e a ,  On t h e  b a s i s  of f r o n t a l  a r e a ,  . t h e  
e f f e c t i v e  d r a g  c o e f f i c i e n t s  were 0.102 fok t h e  n a c e l l e s  
w i t h  c o n v e n t i o n a l  cowl ings  and 0.069 f o r  t h e  n a c e l l e s  
w i t h  NACA t y p e  E cowl ings ,  an improvement of about  32 p e r -  
I c e n t .  
A t  a  Reynolds number of approximaZely 5,400,000,  t h e  
v a l u e s  of t h e  d r a g  c o e f f i c i e n t s  f o r  t h e  two c o n v e n t i o n a l  
n a c e l l e s  were p r a c t i c a l l y  t h e  same a s  f o r  Reynolds num- 
b e r  of 3 ,700 ,000  b u t ,  f o r  t h e  n a c e l l e s  wit.h NACA t y p e  X 
cowl ings ,  t h e  d r a g  c o e f f i c i e n t s  became A C p  = 0.0029 and 
C D ~  = 0.062, an imgrovement of about 39 p e r c e n t .  . 1% i s  
of i n t e r e s t  t o  no2e t h a t ,  a t  t h e  h i g h e r  v a l u e s  09 l i f t  
c o e f f i c i e n t ,  t h e  d r a g  of t h e  c o n v e n t i o z a l  n a c e l l e s  becomes 
much g r e a t e r  t h a n  t h a t  of t h e  n a c e l l e s  w i t h  t h e  t y p e  3 
cowl ings  , 
I t  shou ld  be  p o i n t e d  ou t  t h a t  t h e  conveat i 'onal - type  
cowl ings  were n o t  t h e  b e s t  of t h e 6 r  t y r o  ar-13. t k ~ a i  ?htd d i f -  
f e r e n c e s  i n  d r a g  of t h e  two t y p e s  of coxlin;:  ' ~ 6 c . L - 5 -  u 9  
n o t  i n d i c a t e  t h a t  t h e r e  would b e  a s  much dlfJ.cr-nzr::  2 %  
d r a g  w i t h  t h e  b e s t  cowl ings  of each g e n e r a l  c y p ~ ,  Also ,  
because  of t ime  l i m i t a t i o n s  f o r  u s e  o f  t h e  -kunne;L, no e f -  
f e c t s  of p r o p e l l e r  s l i p s t r e a m  were i n c l u d e d  i n  t h e  t e s t s .  
CONCLUSIONS 
Based o n ' t h e  r e s u l t s  of t h e  p r e l i m i n a r y  t e s t s . ,  t h e  
f o l l o w i n g  c o n c l u s i o n s  may b e  drawn: 
1. The aerodynamic e f f e c t s - o f  add ing  n a c e l l e s  t o  
t h e  low-drag wing o f - a  s i m p l i f i a d  twin-engine bomber 
model were s i m i l a r  t o  t h e  e f f e c t s  commonly o b t a i n e d  when 
wings of c o n v e n t i o n a l  s e c t i o n  a r e  employed. Without 
f l a p s  t h e  l i f t  was d e c r e a s e d  i n  t h e  l o w - l i f t  r e g i o n  b u t  
t h e  maximum l i f t  was s l i g h t l y  increased. The n a c e l l e s  
had a  destabilizing e f f e c t  on t h e  p i t c h i n g  moment a s  i s  
u s u a l  f o r  n a c e l l e s  t h a t  p r o j e c t  forward  of t h e  wing. 
2. The increment  i n  maximum l i f t  due t o  d e f l e c t i n g  
t h e  f l a p s  was a p p r e c i a b l y  d e c r e a s e d  by t h e  a d d i t i o n  of 
t h e  n a c e l l e s  w i t h  c o n v e n t i o n a l  cowl ings  and was s l i g h t l y  
d e c r e a s e d  by t h e  a d d i t i o n  of t h e  n a c e l l e s  w i t h  NBCA t y p e  
33 cowl ings  b e c a u s e  t h e  low n a c e l l e  a f t e r b o d y  i n t e r r u p t e d  
o r  covered  over  p a r t  of the f l a p ,  A l i f t  i n ~ r e m e n t ,  
a p p a r e n t l y  a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  e f f a c t i v e  wing 
a r e a  due t o  t h e  f o r w a r d - p r o j e c t i n g  n a c e l l e s ,  t ended  t o  
b a l a n c e  t h e  d e c r e a s e  i n  f l a p  e f f e c t i v e n e s s  and,  a s  a 
 result^^ t h e  maximum l i f t  c o e f f i c i e n t  f o r  t h e  n a c e l l e s  
w i t h  NACA t y p e  E cowlings  was p r a c t i c a l l y  t h e  same as 
t h a t  wi thou t  n a c e l l e s .  
3 .  S t a l l i n g  c h a r a c t e r i s t i c s  were l i t t l e  a f f e c t e d  by 
d e f l e c t i n g  s p l i t  f l a p s .  With ' the n a c e l l e s  w i t h  conven- 
t i o n a l  cowl ings  i n  p l a c e ,  t h e  s t a l l  s t a r t e d  a t  a lower  
a n g l e  of a t t a c k  and s p r e a d  more g r a d u a l l y .  With t h e  
n a c e l l e s  w i t h  NAGA type  E cowlings  i n  p l a c e ,  t h e  s t a l l  
was d e l a y e d  somewhat and a g a i n  s p r e a d  g r a d u a l l y ,  l e a v i n g  
t h a t  p o r t i o n  of t h e  wing between n a c e l l e s  and f u s e l a g e  
a l o n g  w i t h  t h e  wing t i p s  u n s t a l l e d  u n t i l  l a t e .  
4. The d r a g  inc rements  due t o  t h e  n a c e l l e s  were of 
t h e  u s u a l  o r d e r  of magnitude;  w i t h  t h e  RAGA t y p e  E cowl- 
i n g s  t h e  increment  was approx imate ly  o n e - t h i r d  l e s s  t h a n  
t h a t  w i t h  t h e  n a c e l l e s  w i t h  c o n v e n t i o n a l  cowl ings  i n c o r -  
p o r a t i n g  t h r e e  b u i l t - i n  scoops .  
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L2 ex i t  slots Nacelle with ronvent ionol- type ope+ilose cowling 
Nacelle w i t h  NACA type E c o w l i q  
1 
F~gure 2.-N~celles and winq sect i  n of the 1/6 - scale simplified tw in  - engine bomber model. i 
NACA Figs. 3,4 
Figure 3.- The l/6-scale simplified bomber model set-up for 
test in the 19-foot pressure tunnel. 
Figure 4.- Model with two nacelles with conventional-type 
cowlings. 
NACA Figs, 5,6 
Figure 5.- Model Kith two nacelles with conventional-type cowlings 
md.,pw$idl-span s p l i t  f l a ~ s  cut at Lb% 
Figure 6 - -  Model with two nacelles with WACA type E cowl i~gs ,  
- -  - 
Figure 7.- Details  of partiall-span s p l i t  flhps 
f i t ted mound nacelles with NACA 
t s e  E cowlings, 
NACA Fig. 8 
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F~gure 8.- Variebon of Irft coefficient with angle cfottcack for m d s l  wiP&Q nacelles 
and ~ 4 t h  two 'onocel)er with cceventionol-Vpc c o r r l i m ~ s . q t ~ ~ p m d s  per sgww 
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Amgles o$ a tt, ack, at-, deg 
X J N - ~  9 -Variabim sf' l i f P  coe?fficieni- wi+A angle 09 attack for mode! wi+AocoP nocelleo and 
wi+h %wo nc;ecellcs wifh NACA 9pge E em!i~gs. & )ry69 p u d s  p r  quare 'foo*. 
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Ang la gf a.P-tack, a=,deg 
f i j u r e  16.- Vaskta'm oC d q  ah4 pitching - P T B Q Y & ~ @ ~  ~6effl'eie@t$ W I ? ~  cgnglb sf csPf0ck hp. 
modal wi'rhouf nqrelleaand with Pwo n ~ e k  w!# convefiPia~@76%8-Qpe cowlings. 
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